Background: The purpose of this study was to evaluate intestinal absorption, organ distribution, and urinary elimination of the rare sugar D-psicose, a 3-carbon stereoisomer of D-fructose that is currently being investigated and which has been found to be strongly effective against hyperglycemia and hyperlipidemia. Methods: This study was performed using radioactive D-psicose, which was synthesized enzymatically from radioactive D-allose. Concentrations in whole blood, urine, and organs were measured at different time points until 2 hours after both oral and intravenous administrations and 7 days after a single oral administration (100 mg/kg body weight) to Wistar rats. Autoradiography was also performed by injecting 100 mg/kg body weight of 14 C-labeled D-psicose or glucose intravenously to C3H mice. Results: Following oral administration, D-psicose easily moved to blood. The maximum blood concentration (48.5±15.6 µg/g) was observed at 1 hour. Excretion to urine was 20% within 1 hour and 33% within 2 hours. Accumulation to organs was detected only in the liver. Following intravenous administration, blood concentration was decreased with the half-life=57 minutes, and the excretion to urine was up to almost 50% within 1 hour. Similarly to the results obtained with oral administration, accumulation to organs was detected only in the liver. Seven days after the single-dose oral administration, the remaining amounts in the whole body were less than 1%. Autoradiography of mice showed results similar to those in rats. High signals of 14 C-labeled D-psicose were observed in liver, kidney, and bladder. Interestingly, no accumulation of D-psicose was observed in the brain. Conclusion: D-psicose was absorbed well after oral administration and eliminated rapidly after both oral and intravenous administrations, with short duration of action. The study provides valuable pharmacokinetic data for further drug development of D-psicose. Because the findings were mainly based on animal study, it is necessary to implement human trials to study the metabolism pathway, which would give an important guide for human intake and food application of D-psicose.
Introduction
Rare sugar D-psicose (also called D-allulose), whose unique effect against hyperglycemia and obesity which recently excited the people, has received intense attention from researchers as well as food companies as they aim to produce a variety of D-psicosecontaining, low-calorie foodstuffs for those with diabetic or obesity tendency, as a means of reducing the present high prevalence of these conditions. Rare sugars were defined as monosaccharides and their derivatives at the first international symposium of the International Society of Rare Sugars (ISRS), 2002, held in Takamatsu, Kagawa, submit your manuscript | www.dovepress.com
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Tsukamoto et al Japan. 1 Rare sugars are present in small quantities in commercial mixtures of D-glucose and D-fructose obtained from hydrolysis of sucrose or isomerization of D-glucose. 2 D-psicose, an epimer of D-fructose isomerized at the C-3 position, is a rare ketohexose that can be derived in small amounts from wheat, 3 itea plants, 4 processed cane, and beet molasses. A trace amount of D-psicose is also detected in human urine 5 and on the surface of human skin. 6 Due to its rarity, the biological functions of D-psicose have not yet been sufficiently explored, but unique, innovative methods of production through Izumoring 7, 8 has enabled a number of investigations. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] It has been found experimentally to have dramatic effects against obesity and type 2 diabetes mellitus (T2DM) in normal 11, 14 as well as T2DM [16] [17] [18] rat models, and clinically against hyperglycemia and hyperlipidemia in healthy 13 and borderline diabetic humans, 15 hence its use as a sugar substitute for obese and diabetic patients. As the mechanism of controlling high glucose levels, the potency of absorption of D-psicose over D-glucose from the intestine, 19 as well as inhibition of activities of enzymes for the digestion of polysaccharides, such as glucoamylase and maltase, have been mentioned as possible reasons. 14 D-psicose has also been shown to inhibit hepatic fatty acid synthase 20 by the mechanism of controlling adipose tissue deposition, followed by decreased body weight gain in comparison to D-glucose. In addition to the antihyperglycemic and antilipidemic effects of D-psicose, its zerocalorie credit and 70% relative sweetness have led food companies to prepare various foodstuffs using D-psicose as a substitute for sugar. Mainly to substitute sucrose by D-psicose for food production, due to D-psicose's high solubility, 21 smooth texture 22 and low glycemic response 23 in comparison to sucrose, 21 given that consumption of sugar-sweetened beverages has been increasingly associated with negative health outcomes such as overweight, obesity, T2DM, and metabolic syndrome. 24 Based largely on these associations, many researchers and health care practitioners have proposed that non-caloric, high-intensity sweeteners provide a beneficial alternative to sugar in foods and beverages. 25 D-psicose was approved as "Generally Recognized As Safe" (GRAS) by the US Food and Drug Administration (FDA) in August 2011 (GRN No 400), and it is allowed to be used as an ingredient in a range of foods and dietary supplements. 26 In almost all the above-mentioned physiological studies, different doses of D-psicose were used to decide a nonhazardous therapeutic dose, since the pharmacokinetics are yet to be fully known, although they have been described to a small extent in the literature by Whistler et al. 27 Moreover, for approval for food production in the industry as a safe food additive, the Japanese Ministry of Health, Labor and Welfare requires assessments of the degradability of D-psicose by fermentation and digestion/absorption studies. Whistler et al 27 reported the metabolism of D-psicose in rats using D-[U- 14 C] psicose and measured the contents in urine, feces, glycogen, exhaled carbon dioxide, and carcasses 6-72 hours after oral and intravenous administrations. Research studies and human trials 11, 13, 15, 17, 18 have shown high safety and efficacy of D-psicose against obesity and T2DM, but in addition to oral administration, injection is also needed for emergency purposes, therefore an oral formulation with therapeutic efficacy comparable with that of injection is important. As such, a study of the pharmacokinetic parameters of D-psicose is needed.
In this study, the pharmacokinetic parameters of D-psicose was investigated after oral and intravenous administrations in rats. Additionally, data on human studies will be accepted more widely and rapidly to the researchers. However, data from this animal study, as well as the ongoing double-blind human study, which is currently under strict supervision, will highlight the significance of D-psicose use. 
Materials and methods Materials
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Pharmacokinetics of rare sugar D-psicose
Biodistribution experiment
All the rats used for both oral and intravenous D-psicose administration were fasted for 24 hours before surgery; on the experiment day, they were shifted to the radio isotope facility because of the use of radioactive D-allose and D-glucose. For intravenous administration, rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (1%), and a polyethylene catheter (Intramedic™ PE-50; Clay Adams, Parsippany, NJ, USA) was inserted into the femoral vein for D-psicose or vehicle administration. Anesthesia was continued until the end of the 120-minute experimental period, with further administration of small doses of diluted pentobarbital when needed. Oral administration was performed in awake rats by gavage using a metallic tube directly into the stomach. Approximately 0.6 mL psicose solution (30 mg, 120 kBq) was administered (dose: 100 mg/kg) in both oral and intravenous administrations. Urine was collected from the urinary bladder by penis ligation.
The rats were sacrificed 10, 30, 60, and 120 minutes after administration. The weights of whole brain, thymus, lung, liver, heart, spleen, and kidney were measured. The amount of total urine in the urinary bladder was also measured. The contents in gastrointestinal (GI) organs (stomach, small intestine, large intestine, and cecum) were collected and homogenized.
sample oxidizer analysis
From the collected specimens, a small quantity (0.1-0.2 g) of blood, skin, and muscle was weighed and then burned in a sample oxidizer (model 307; PerkinElmer). 14 C was recovered as CO 2 with a CO 2 absorber (Carbo-Sorb E). The radioactivity in the absorber was measured by a liquid scintillation counter (Aloca LSC-5100; Hitachi Aloka Medical, Ltd., Tokyo, Japan) with a scintillator (Permafluor E + ). The recovery by the sample oxidizer, estimated by comparing the count of burned and unburned samples, was 97.3%±2.8%. In oral administration, the remaining amounts of administered dose 7 days after a single dose (100 mg/kg) were also measured.
autoradiography
After fasting for 24 hours, mice were injected via tail vein with 20 kBq (100 mg/kg body weight) of 14 C-labeled psicose or 14 C-labeled glucose dissolved in saline (0.2 mL). Thirty minutes after the injection, mice were anesthetized with diethyl ether and perfused transcardially with 0.01 M phosphate-buffered saline after cutting of the right auricle. The whole bodies of the animals were immersed in dry ice/ acetone and kept in a deep freezer at −50°C. Whole-body frozen sections (40 µm) from the sagittal plane immersed in 8% carboxymethylcellulose compound were prepared with an autocryotome (NA-500F; Nakagawa Seisakusho, Tokyo, Japan), dried at −20°C, then exposed to an imaging plate (BAS-IP MS2040; FUJIFILM Holdings Corporation, Tokyo, Japan) for 8 weeks.
statistics
All experiments were performed at least three times. Mean values and standard error of the means were shown. Statistical differences between groups were analyzed by Student's t-test. A P-value less than 0.05 was considered to be statistically significant.
Results
synthesis of 14 c-labeled D-psicose
Prior to synthesis of the radioactive compound, the experimental condition was evaluated using cold material. Hot D-allose solution was diluted with the same amount of water (18.6 mM in 1.5% EtOH solution), and 400 µL of the solution was incubated with L-rhamnose isomerase immobilized beads (1 mm in diameter) at 37°C for 72 hours. L-rhamnose isomerase catalyzes the isomerization between D-allose and D-psicose (enzyme "c" in Figure 1 ). The properties of enzyme immobilized beads have been described previously. 28 Under these conditions, we confirmed that more than 50% of D-allose was converted to D-psicose. Synthesized D-psicose was separated by high-performance liquid chromatography (HPLC) with a Hitachi GL-C611, Gel Pack column with GL-C600 guard column operated by an L-6200 Intelligent Pump, L-2350 Column Oven, L-2490 radioisotope detector, and D-2500 Chromato-integrator (all manufactured by Hitachi Aloka Medical, Ltd., Tokyo, Japan) (sample volume 400 µL; mobile phase, distilled water; flow rate 1.0 mL/min; column temperature 60°C). The eluent around the retention time of D-psicose (from 27 to 35 minutes) was collected, concentrated, and separated again with HPLC. Repeating these processes three times, we succeeded in removing the contamination of D-allose, and confirmed the purity to be over 99% by HPLC. Since 10.9 MBq of D-psicose was obtained, the yield=20% from the starting material of 54.1 MBq of D-allose. The specific radioactivity of 14 C-labeled D-psicose was assumed to be the same as that of the starting material of 14 C-labeled D-allose, ie, 1.96 GBq/mmol. For the animal experiment, we prepared a D-psicose solution (containing 50 mg and 200 kBq/mL saline for rats, 15 mg and 100 kBq/mL for mice) by mixing the synthesized hot and cold compounds. The solution was stored at 5°C until use. The doses for rats and mice were both 100 mg/kg, which 
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Tsukamoto et al was decided from the effective dose used in a human study, which was 5 g/day.
14 absorption and distribution of D-psicose after oral administration
The absorption and distribution results of D-psicose after oral administration are summarized in Table 1 . Some of the orally administered D-psicose (30,000 µg in 0.6 mL saline) was easily absorbed from the intestine into blood and then excreted into urine. The concentrations of D-psicose in blood, evaluated by its radioactivity, were 11.3±6.4, 41.8±16.2, 48.5±15.6, and 39.2±9.5 µg/g blood at 10, 30, 60, and 120 minutes, respectively. The radioactivity of D-psicose and its concentrations in GI organs (stomach, small intestine, cecum, and large intestine) and their contents were approximately 20,814 µg (69%), 20,342 µg (67%), 15,032 µg (50%), and 8,015 µg (26%) at 10, 30, 60, and 120 minutes, respectively. D-psicose was not present in urine at 10 minutes, but started to appear at 30 minutes (3, 193 .6±2,870.4 µg; 10%), and the amounts rapidly increased at 60 minutes (5,832.0±1,682.5 µg; 19%) and 120 minutes (11, 125 .2±2,403.0 µg; 37%). D-psicose levels in the liver were 41.4±28.7, 126.3±45.0, 200±86.3, and 127.5±32.6 µg/g liver tissue at 10, 30, 60, and 120 minutes, respectively. Other organs (lung, thymus, spleen, heart, brain, skin, and muscle) showed lower radioactivity, whereas kidney showed higher radioactivity (74.0±54.5, 287.0±217.8, 395.3±147.1, and 168.1±34.9 mg/g tissue at 10, 30, 60, and 120 minutes, respectively).
The residual amount of D-psicose was measured 7 days after a single-dose oral administration (100 mg/kg). The results are shown in Table 2 . Blood concentration of D-psicose estimated from the radioactivity was 1.4±0.9 µg/g, which was much less than the value after 120 minutes (39.2±9.5 µg/g [ Table 1 ]). Organs that showed higher concentrations than blood were liver, kidney, lung, thymus, spleen, heart, skin, stomach, small intestine, cecum, and large intestine. On the other hand, levels in the GI contents and urine were very low 7 days after a single dose of D-psicose. As large organs, small intestine (4.70±0.38 g wet weight) and liver (7.65±0.42 g wet weight) contained 54.3 and 44.5 µg/organ D-psicose, respectively. Radioactivity of muscle was 1.2 µg/g tissue, although, as a large organ, the total content was not considered high. The radioactivity of skin was low, but higher than blood.
absorption and distribution of D-psicose after intravenous administration
The concentration and total contents of D-psicose after intravenous administration are summarized in Table 3 . Radioactivity of D-psicose concentration in blood was 132.0±22.1, 83.0±26.5, 77.2±23.5, and 40.1±31.5 µg/g blood at 10, 30, 60, and 120 minutes, respectively, after intravenous administration of isotope-labeled D-psicose. Concentrations in liver and kidney remained higher than concentrations in blood throughout the experiment. The concentrations in the liver were 348.6±56. 8 (Table 3) . However, the high concentration in kidney was assumed to be the 
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Pharmacokinetics of rare sugar D-psicose Notes: Data represent mean ± standard deviation. The gastrointestinal contents of the stomach, small intestine, large intestine, and cecum were collected and homogenized. a small amount of the mixed contents and small pieces of organs were applied to the measurement, and then the whole content was calculated from the whole weight. Urine accumulated in the urinary bladder was collected and measured. radioactivity is represented as µg of D-psicose. The average and standard deviation represent data from more than four rats.
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Tsukamoto et al GI contents decreased gradually over 120 minutes, with simultaneous increase in both GI organs and blood, peaked at 10 minutes in GI organs and 60 minutes in the blood, and then decreased in both contents and organs decreased gradually over 120 minutes (Table 1) . In rat GI organs, D-psicose can be metabolized by intestinal microorganisms. Matsuo et al demonstrated that, after oral administration, D-psicose disappeared from stomach, small intestine, and serum in 1-7 hours, peaked at 1 hour, but did not decrease in the rat cecum even 7 hours after administration. 29 Since D-psicose did not disappear from the caecum, in favor of this they found increased cecal weight and surface area as a result of the presence of short chain fatty acids, the fermented products of D-psicose by intestinal microflora in the cecal contents, similar to other soluble dietary fibers or polydextrose. 30 ,31 D-psicose that did not absorb in small intestine transferred to large intestine and was found fermented in the appendix, which was confirmed by continuous administration of D-psicose that increased short-chain fatty acids within the appendix, suggesting that D-psicose is fermented in the appendix of rats to a certain extent. 28 Matsuo et al also reported that the unfermented D-psicose was rapidly excreted in feces, where 8%-13% of the dosage was recovered within the first 24 hours. 29 These results suggest that a large percentage of administered D-psicose remains in the rat body or is oxidized by the animal's metabolic system. Since D-psicose provides no energy to growing rats, most of the D-psicose remaining in the rat body is probably fermented by bacteria in the cecum or large intestine. 29 Iida et al reported clinical metabolism studies in humans that demonstrated that D-psicose failed to be absorbed in the small intestine to metabolize into energy and showed low fermentability by intestinal bacteria in the large intestine. 13 However, most of the D-psicose absorbed was eliminated from the blood and was rapidly excreted into urine. The radioactivity in urine at 120 minutes was 37.1%±8.0% of the administered dosage and, at 7 days after administration, was almost 0%. Matsuo et al detected 11%-15% of D-psicose after 24 hours and could not detect any D-psicose after 24-48 hours of administration. 29 In another study, undertaken many years ago, Whistler et al reported that 35 .4% of orally administered D-psicose was excreted into urine within 7 hours. 27 However, since there are very few studies in the literature on the absorption and distribution of D-psicose, as well as variability of detection times among studies that are reported, 27, 29 we cannot claim that our study is strongly consistent with others, 27 ,29 but we can report that our findings regarding easy absorption from the digestive tract and early excretion from blood to urine are consistent with other findings. Recently, Notes: Data represent mean ± standard deviation. a single dose of 100 mg/kg body weight D-psicose was administered to rats. seven days after administration, the radioactivity in each organ was measured and is represented as µmol of D-psicose/g. The mean and standard deviation are shown for more than four independent experiments. D-psicose-containing urine in the kidney. On the other hand, other organs examined (lung, thymus, spleen, heart, brain, skin, muscle, stomach, small intestine, cecum, and large intestine) showed lower radioactivity than the blood. As shown in Table 3 , the sum of D-psicose contents in GI organs (stomach, small intestine, cecum, large intestine) and their contents was very small. The concentration change of D-psicose in blood is shown in Figure 2 . From the inclination of the logarithmic plot of the data of this profile, the half-life was estimated to be 57.3 minutes.
autoradiography
Autoradiograms are shown in Figure 3 . As intravascular blood was washed out with 0.01 M phosphate-buffered saline, the radioactivity of intravascular blood may be very small and thus negligible. Similarly to the results obtained with rats, high signals of 14 C-labeled D-psicose were observed in liver, kidney, and bladder. Interestingly, no accumulation of D-psicose was seen in the brain, while a large amount of D-glucose was detected there.
Discussion
Orally administered D-psicose (30,000 µg in 0.6 mL saline) absorbed partly from the GI tract into the blood and was then excreted into urine. Radioactivity of D-psicose in Notes: Data represent mean ± standard deviation. The gastrointestinal contents of the stomach, small intestine, large intestine, and cecum were collected and homogenized. a small amount of the mixed contents from gastrointestinal organs and small pieces of organs were applied to the measurement, and then the whole content was calculated from the whole weight. Urine accumulated in the urinary bladder was collected and measured. radioactivity was represented as µmol of D-psicose. The mean and standard deviation represent data from more than four rats.
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Tsukamoto et al Hishiike et al studied the absorption of D-psicose through human intestine using Caco-2 cell monolayer, and compared its absorption with that of glucose and fructose. 19 Hishiike et al showed very clearly that D-psicose was transported from the intestinal lumen into the intestinal enterocytes by a glucose transporter, GLUT5, and from the enterocytes into the circulation by another transporter, GLUT2. 19 They also concluded that the coexistence of glucose with psicose induced a 60% decrease in the glucose permeability. This might be one of the important mechanisms of D-psicose's antihyperglycemic effect, which has been proven by several animal 11, 13, [16] [17] [18] and clinical 13, 15 studies. The advantages for people who are obese or have obese tendencies, as well as for diabetic people, of added D-psicose over added sugar in foodstuffs have been elucidated. 22, 32 There is no doubt that replacing caloric with non-caloric sweeteners reduces the energy density of foods and beverages. 33 Increased consumption of high-fructose corn syrup (HFCS) in beverages has paralleled increases in the prevalence of obesity and metabolic syndrome, and is associated with the appearance of nonalcoholic fatty liver disease. 34 In a comparison study of HFCS and rare sugar syrup (a modified form of HFCS containing about 6% rare sugar D-psicose), Iida et al confirmed the reduction of HFCS-induced obesity by D-psicose, finding significant decreases in body weight as well as intraabdominal adipose tissue weight after feeding diets containing HFCS or rare sugar syrup for 90 days. 35 A study has shown that a high-sucrose diet or sucrose supplementation can produce hyperlipidemia, obesity, and insulin resistance, and that addition of 5% D-psicose in a high-sucrose diet significantly suppressed body fat accumulation in adult rats. 36 Several other studies have also reported that plasma glucose levels in the postprandial state are significantly suppressed by D-psicose in rats. 11, 14, 16 One study also suggested that, compared with 5% D-fructose or D-glucose, 5% dietary D-psicose reduced body fat accumulation through inhibiting lipogenesis in liver and adipose tissue. 20 In a recent comparison of D-psicose and D-glucose, we showed that D-psicose served as a unique metabolic regulator in the growing type T2DM Otsuka Long-Evans Tokushima Fatty rats through the maintenance of blood glucose and prevention of abdominal fat deposition. 17 For low index through foods which eventually will prevent lifestyle-related disease, Iida et al performed a clinical oral glucose tolerance test with 75 g maltodextrin load with or without different doses (2.5 g, 5 g, and 7.5 g) of D-psicose and confirmed the dose-dependent suppression of high blood glucose levels induced by maltodextrin. 13 However, many researchers have noted slight increases of liver weight with D-psicose feeding in animals. [37] [38] [39] This might be due to multiple activities of D-psicose in the liver, including increased hepatic glycogen content, 32 which can cause high radioactivity in the liver. Whistler et al also reported that liver glycogen contained 1.0% of the radioactivity 6 hours after intravenous D-psicose injection. Table 2 shows the residual amounts of D-psicose 7 days after single-dose oral administration (100 mg/kg). The radioactivity in the GI contents as well as in urine was almost zero, suggesting that excretion from the digestive tract was almost finished. All organs showed some radioactivity; the thymus is a comparatively small organ (compared to others), but radioactivity of D-psicose in the thymus was high, the reason for which is unknown. However, collectively, the total remaining content did not exceed 300 µg. Of the total administered dose (30,000 µg), more than 99% of orally administered D-psicose was excreted within 7 days. This is very much consistent with the results of the study undertaken by Whistler et al, 27 who detected 26% radioactivity 
1963
Pharmacokinetics of rare sugar D-psicose as exhaled carbon dioxide and 95% radioactivity in the urine within 7 hours, where at least 70% was recovered as D-psicose and the remaining 30% was associated with unidentified products of metabolism.
In the present study, intravenously administered D-psicose was eliminated quickly from blood and moved to the urine. Of the total 30,000 µg dose of D-psicose administered, approximately 1 / 6 (4,770±1,380 µg), 1 / 4 (7,300±3,660 µg), 2 / 5 (13,230±3,290 µg), and 1 / 2 (15,230±4,650 µg) were eliminated into urine at 10, 30, 60, and 120 minutes, respectively. Therefore, the high concentration into kidney was assumed to be the 14 C-labeled D-psicose-containing urine remaining in the kidney. The accumulation of D-psicose in the liver was therefore suggested. Whistler et al reported that 97%-98% of the intravenously administered D-psicose was excreted into urine and only 0.6% was exhaled as carbon dioxide within 6 hours. These results indicate that intravenously administered D-psicose is rapidly removed by the kidney and is metabolized to only a small degree.
27
Conclusion
We evaluated the accumulation of D-psicose in organs, and confirmed that no organ, except liver, accumulated D-psicose. The radioactivity of D-psicose was almost entirely excreted within 7 days. During the process, most of the administered D-psicose passed through the liver and kidney. Stress on these organs should be considered for the safe usage of D-psicose in humans. However, the fact that almost no radioactivity was detected in the brain suggested that D-psicose may not be able to pass the blood-brain barrier; fructose, a C-3 epimer of D-psicose, also does not pass the blood-brain barrier. 40 This provides important evidence that indicates that D-psicose does not have a direct effect on the brain, even if excess amounts of D-psicose are taken into the body, either by oral or intravenous administration. Taking all considerations together, this study provides valuable pharmacokinetic data for drug development in addition to the preparation of healthy foods with rare sugar D-psicose.
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